1 Abstract -This paper presents a novel approach to the detection of tumors of size well below a centimeter using a subwavelength ultrawide band (UWB) microwave radar imaging technique. Our approach exploits the principle of phase-shifting mask (PSM) and is implemented using a time-reversal (TR) algorithm based on the transmission-line matrix (TLM) method. A 0.5-mm diameter tumor was detected and located using a 200-ps UWB pulse in a realistic inhomogeneous two dimensional breast model. The breast model was derived from magnetic resonance imaging data and simulated using the TLM method.
I. INTRODUCTION
UWB microwave radar imaging techniques for breast cancer detection seek to identify the existence and location of strong microwave scatterers in the breast. The confocal microwave imaging (CMI) [1] technique, the microwave imaging based on space-time (MIST) beamforming [2] , and the time reversal (TR) with the FDTD method [3] [4] are some of the proposed UWB microwave radar imaging techniques used for tumor detection and localization.
This paper examines and presents the possibility of subwavelength tumor detection and localization using alternating phase radiators similar to the principles of phase-shifting mask (PSM) of Levenson et al. [5] . In analogy to the PSM technique, the use of alternating phase radiators increases the resolution of the backscattered fields for sub-wavelength detection of breast tumors.
We also propose an alternative to [3] [4] . A more robust criterion for determining when the time-reversed wave focuses back to the scatterer is suggested. This proposed criterion is based on the minimization of a modified Shannon entropy [6] implemented for the TR algorithm.
II. EXPERIMENTAL SETUP FOR SUB-WAVELENGTH MICROWAVE RADAR IMAGING
The experimental system is comprised of an array of 23 receivers/transmitters located at a small distance from the top of the breast, and placed every 10 x Δ with . All elements transmit simultaneously, but neighboring elements transmit opposite polarity pulses. Due to this setup, we find that there is detectable backscattered field emanating from scatterers of subwavelength size. Both the data acquisition model and the TR model are implemented with the TLM method, with a grid size of 0.5 mm 0.5 mm × . The forward model is based on 2-D MRI image cross-section of the breast as seen in Fig. 1(a) . Fig. 1(b) shows the dielectric profile for the inhomogeneous breast tissue. Fig. 2 shows the tumor and its permittivity contrast as compared to the surrounding medium.
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A. TLM-based TR algorithm using modified Shannon Entropy
An FDTD TR algorithm that compensates for the ohmic losses was introduced in [3] through change of sign in the conductivity. Similarly, the proposed TLM TR algorithm has the ability to compensate for losses by introducing gain via change in the conductivity sign in the TLM normalized lossy stub conductance given by
where c Z is the characteristic impedance of each link line. The TLM TR update equations [7] [8] for the case of TMmode involve sequences of scattering and connection steps. Similarly to the TR FDTD equations [3] , if a point source radiates in free space and TR TLM equations are applied to all points in the grid, the wave will converge back to the source at time corresponding to the maximum of the initial excitation. In [3] , a minimum entropy criterion is employed based on the inverse varimax norm.
Here we consider another entropy measure, the Shannon entropy given by [6] 
where K is a constant and n is the number of possible events with probabilities of occurrence given by l where . One of the properties of the Shannon entropy is that if all the l are equal or have uniform probability distribution then H
is a monotonic increasing function [6] . Our aim is to exploit this property and make modifications to (2) in order to outperform the inverse varimax norm.
We assume a uniform probability distribution where the number of outcomes for a certain event is divided by the total number of outcomes. We consider the rate at which the voltage value of a grid point, corresponding to a peak value at k-th time step, changes compared to voltage values of adjacent grid cells at k-th time step within the breast medium.
In our modified Shannon entropy criterion (SEC) the definition of (2) is changed by re-defining l and changing the sign of p (2) in order to find the minimum entropy in the 2-D TR TLM simulations. The SEC is defined as 2 ( ) log
Here,
where k is the time step of the TLM TR algorithm, ( , are grid cell coordinates, and the summation is over the breast region. is the 2D TLM TM mode voltage at the ( , grid cell, and
is the maximum voltage for time step k inside the breast region. The parameter is a constant at time step k, which is related to the deviation of the node voltage values in a specified region around the peak value
where ( ) std i is standard deviation and vectors are and
, , ,
X is the a variation along the x-coordinate and Z is the variation along the z-coordinate centered around the peak node The procedure for the TLM TR algorithm is as follows: 
The excitation signal for backpropagation at each receiver is then expressed as in [3] with the modification for the TLM method.
( ) ( , ) exp
where p is the time instant when the peak of the received waveform
V x z occurs for a short pulse excitation, and υ is the taper parameter, which determines the width of the impulse temporal window function.
3)
TR Backpropagation using TLM TR algorithm: inject the response (9) of the particular solution (the backscattered fields stored at the receivers without clutter and noise) in the reverse time sequence. The TLM TR model uses averaged estimates of the dielectric constant and conductivity. The TLM TR algorithm stops when (3) is minimized for all time steps.
B. Results and Discussion
Both the forward model employing TLM [9] and the TLM TR algorithm are implemented within Matlab [10] . The maximum number of time steps in the TLM TR model is 3000. The TLM TR algorithm is run in reverse starting from time step 2500 since the recorded backscattered field at the receivers after that time step is very small and close to zero.
The 200-ps UWB pulse's shortest wavelength is large compared to the 0.5-mm diameter tumor. The excitation input to each antenna shown in Fig. 1(b) is a differentiated Gaussian pulse with full width at half maximum (FWHM) of 0.54 ns, and zero dc content. The shortest wavelength corresponds to the highest frequency in the spectrum of the pulse at 1% of the maximum, which is 4 GHz. [3] . No scatterer is found.
Span in cm
Depth in cm When using the TR technique and the inverse varimax norm as in [3] without incorporating the PSM technique, we obtain the inverse varimax norm vs. time shown in Fig. 3(a) . The resultant image is shown in Fig. 4 . The scatterer is not found because its size is below the diffraction limit of the wave due to pulse. There are also too many minima in the inverse varimax norm and thus is not obvious where the algorithm should stop. On the other hand, the modified Shannon entropy (3) (see plot vs. time in Fig. 3(b) ) demonstrates that the modified Shannon entropy is a more robust minimum entropy criterion. Fig. 5 shows the image detecting the 0.5-mm diameter tumor using the proposed TLM TR technique with PSM and the modified Shannon entropy criterion. The image corresponds to the single minimum of the modified Shannon entropy obtained at time step 1938 or 2.286 ns. The wave converged to an optimal peak value. The tumor location found by the proposed For all cases of varying taper parameter values, the TR algorithm using PSM and the modified Shannon entropy found only one minimum and the corresponding location was denoted . Fig. 6 shows how the L2 norm difference between and increases as the taper parameter increases due to the increase in the width of the temporal window. The focusing resolution is increased as the taper parameter decreases.
C. Effect of Dielectric Contrast
The robustness of the modified SEC and the experimental setup is examined by changing the dielectric contrast of the breast medium. Table I compares the location found by our TLM TR algorithm for varying the dielectric contrast. The taper parameter ( ) is fixed as in Section III.B and the experimental setup is as in Section II. Only the dielectric contrast is altered while the forward and the TR simulations are performed with the MRI-derived breast model. As the contrast is decreased from 6:1 to 1.3:1, the difference between TR and actual increases moderately. The tumor is detected in all the cases.
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IV. CONCLUSION
This paper presents a novel approach to the detection of tumors well below a centimeter using a sub-wavelength ultrawide band (UWB) microwave radar imaging technique based on the principle of phase-shifting mask (PSM), time reversal and a modified Shannon entropy criterion. A 0.5-mm diameter tumor was detected and located using a 200-ps UWB pulse in an inhomogeneous 2-D breast model. 
